A Salt Bridge Links CNBhD Conformation to the Gating Machinery in EAG Potassium Channels  by Zhao, Yaxian et al.
Sunday, February 16, 2014 139a709-Pos Board B464
Inverstigating Stereoselectivity of Pharmacological Inhibition of Herg
Channels
Yi H. Zhang1, Aziza EI Harchi2, Christopher E. Dempsey2, Jules C. Hancox2.
1School of Physiology and Pharmacology and Cardiovascular Research
Laboratories, Medical Sciences Building, University of Bristol, Bristol,
United Kingdom, 2University of Bristol, Bristol, United Kingdom.
The potential for stereoselectivity of hERG Kþ channel inhibition by drugs that
exist as racemic mixtures is recognised; stereoselectivity has been established
for some compounds (reviewed in (1)). Both the class Ia antiarrhythmic drug
disopyramide (DISO) and the serotonin-selective reuptake inhibitor citalopram
exist as racemic mixtures. Both have been associated with cases of drug-
induced QT prolongation, with its attendant risk of torsades de pointes
(TdP). Prior work has established that both compounds inhibit hERG current
(IhERG) significantly at low micromolar concentrations (eg 2,3). In this study,
we have investigated the potential for stereoselective hERG current (IhERG)
inhibition by these drugs.
Whole-cell patch-clamp measurements of IhERG were made at 37C from
hERG-expressing HEK 293 cells. All observations reported here are from at
least 5 replicates. For citalopram, action potential voltage-clamp experiments
were performed on racemic citalopram and the S(þ) enantiomer (escitalo-
pram). Application of 3mM citalopram inhibited maximal IhERG during the
repolarisation phase of the AP by 69.653.6%, whilst escitalopram blocked
the current by 63.457.1% (p>0.05, student t test). On the other hand, with a
conventional screening protocol (Sþ) DISO was found to block IhERG ~3
-fold more potently than did (R-) DISO (IC50 values of 3.950.6 mM and
12.951.4 mM respectively with normal (4mM) [Kþ]e). With high (94 mM)
[Kþ]e, the IC50 values for (Sþ) and (R-) DISO were 16.9 53.0 mM and
61.157.4 mM respectively.
Our data provide evidence that disopyramide exhibits stereoselective inhibition
of IhERG. Our initial findings with citalopram are suggestive of a lack of
notable stereoselectivity for that compound, though this needs further
investigation.
Funded by the British Heart Foundation
(1) Grilo LS, et al, Front Pharmacol, 2010;1:137.
(2) Ashok AP,et al, BBSRC, 2001, 280:1243-1250.
(3) Witchel HJ, et al, FEBS Lett 2002;512:59-66.
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Regulation of hERG C-Terminal Isoform Expression by Modified U1
Small Nuclear RNA
Qiuming Gong, Matthew R. Stump, Zhengfeng Zhou.
Knight Cardiovascular Institute, Oregon Health & Science University,
Portland, OR, USA.
The human ether-a-go-go-related gene (hERG) encodes the pore-forming sub-
unit of the rapidly activating delayed rectifier potassium channel in the heart.
The expression of C-terminal isoforms is directed by the alternative splicing
and polyadenylation of intron 9. Splicing of intron 9 leads to the formation
of a functional, full-length hERGa channel and polyadenylation of intron 9 re-
sults in the production of a non-functional, C-terminally truncated hERGaUSO
isoform. The relative expression of hERGa and hERGaUSO plays an important
role in regulating hERG channel function. In the heart only one-third of hERG
pre-mRNA is processed to hERGa due to the weak 5’ splice site of intron 9. We
previously showed that the weak splice site is caused by sequence deviation
from consensus and that strengthening the splice site with mutations at the
þ4 and þ6 positions toward consensus increased the efficiency of intron 9
splicing. It is well established that 5’ splice sites are recognized by complemen-
tary base-paring with U1 small nuclear RNA (U1 snRNA). In this study, we
modified the sequence of U1 snRNA to increase its complementarity to the
5’ splice site of hERG intron 9 at the þ4 and þ6 positions. Using modified
U1 snRNA, we observed a significant increase in the efficiency of intron 9
splicing. RNase protection assay and western blot analysis show that modified
U1 snRNA increased the expression of the functional hERGa isoform and
concomitantly decreased the expression of the non-functional hERGaUSO iso-
form. In patch-clamp experiment, modified U1 snRNA significantly increased
the hERG current. Our findings suggest that relative expression of hERG C-ter-
minal isoforms can be regulated by modified U1 snRNA.
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hERG Channel Voltage Sensor Movement Precedes Pore Opening
Samuel J. Goodchild, David Fedida.
University of British Columbia, vancouver, BC, Canada.
hERG (Kv11.1) voltage gated potassium channels are notable for their slow
activation, fast inactivation and slow deactivation. The unique kinetics ofhERG gating tunes the channel activity to provide a vital repolarizing potas-
sium current during the late stage of the plateau of the action potential that
sets its duration. Unlike most Kv1 channels which show rapid gating charge
movement that kinetically precedes ionic current activation, the bulk of charge
movement in hERG is slow. This suggests that the rate of hERG channel open-
ing might be determined by slow voltage sensor movement, but no detailed
kinetic analysis of gating charge movement has yet been reported. The funda-
mental question of whether voltage sensor movement or a weak coupling
mechanism is responsible for slow pore activation therefore remains unre-
solved. To clarify the relationship between voltage sensor domain rearrange-
ment and pore opening we performed a kinetic analysis of ionic current
activation and voltage sensor movement using the Cut Open Oocyte Clamp
technique. At 0 mV, close to the V0.5 for channel conductance, gating charge
moved ~3-fold faster than ionic currents with time constants t=88 ms and
t=290 ms for gating and ionic activation respectively. At þ60 mV, gating
charge moved with a time constant t=30 ms, also faster than the ionic current
activation time constant t=42 ms. These data indicate that the gating mecha-
nism in hERG channels that underlies slow activation is not solely dependent
upon the bulk of charge movement and suggests the presence of additional rate
limiting transitions downstream of charge movements in the activation
pathway.
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Interactions of Extracellular Divalent Ions and Hydrogen with the Outer
Pore of the Cardiac Potassium Channel HERG
Chris Yoon, Scott Loeb, Peter Nilsson, Alan Miller.
Basic Sciences, Touro University - California, Vallejo, CA, USA.
Reduction of the current carried by the cardiac potassium channel HERG can
lead to Long QT syndrome, an arrhythmia characterized by a rapid heart rate
and reduced cardiac output, which can, in certain situations, be fatal. The ef-
fect of extracellular electrolytes on the biophysical properties of the HERG
channel have been studied in some detail. In particular, increases in extracel-
lular calcium, magnesium and hydrogen have been shown to slow channel
activation, increase channel deactivation, and shift the G-V curve to more
positive voltages. A number of reports have also shown that hydrogen can
reduce HERG current by a mechanism that does not involve an effect on
channel deactivation and which likely involves pore block. We show here
that reducing extracellular potassium results in a significant increase in
HERG current reduction by a number of extracellular divalent ions, including
calcium, magnesium, cobalt, manganese, and hydrogen. The potency of cur-
rent reduction is different for each ion tested, with cobalt showing the greatest
current reduction and magnesium the least. The Drosophila voltage-gated po-
tassium channel Shaker and two voltage-gated potassium channels closely
related to HERG, EAG and ELK, showed a much smaller decrease in current
by extracellular calcium compared to HERG and this effect was not as
strongly dependent on extracellular potassium. There was no difference in
current reduction by calcium between WT HERG and the inactivation defi-
cient mutant S631A, either in low or high extracellular potassium. However,
current reduction by calcium was decreased compared to WT in the mutant
G628CS631C. These results suggest that various divalent ions can block
HERG with different potencies and may interact at the outer pore of the
HERG channel.
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A Salt Bridge Links CNBhD Conformation to the Gating Machinery in
EAG Potassium Channels
Yaxian Zhao1, Phu Tran1, Joao Morais Cabral2, Gail A. Robertson1.
1Neuroscience, University of Wisconsin-Madison, Madison, WI, USA,
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EAG, ERG and ELK are members of the Ether-a`-go-go voltage-gated potas-
sium channel family (1). Each channel possesses a C-terminal domain that is
homologous to the cyclic nucleotide-binding domain of CNG/HCN channels
but insensitive to cyclic nucleotides (2,3). X-ray crystallography of EAG
suggests that the binding pocket of this region, termed the cyclic
nucleotide-binding homology domain (CNBhD), is intrinsically ‘‘liganded’’
by the side chains of two residues, Y699 and L701 (4,8). To test this hypoth-
esis, Y699 and L701 were substituted with alanines (AA) to mimic an ‘‘un-
liganded’’ state. AA mutant currents expressed in Xenopus oocytes showed
the 20-80% rise time of activation was decreased by more than three times,
concordant with very slow HCN channel activation in the absence of cyclic
nucleotides (5). Homology models based on HCN and EAG crystal struc-
tures (6,7) revealed a possible salt bridge, as found in HCN channels (8).
Charge reversals in two of the corresponding residues in EAG (R535 and
D606) independently slowed channel activation, and charge swapping
140a Sunday, February 16, 2014restored normal activation, indicative of a salt bridge. Alanine mutations at
both sites preserved the WT activation, as if the salt bridge is not required
for normal communication between the liganded conformation of the
CNBhD and the gating machinery. However, the very slow phenotype of
the unliganded CNBhD conformation was disrupted by the salt bridge
perturbation in the R535A-AA and D606A-AA mutants and phenocopied
the full CNBhD deletion. Thus, the salt bridge appears to mediate interaction
between the unliganded CNBhD and the gating machinery. Supported by
NIH NS081320.
1. PNAS 91:3438 (1994); 2. Neuropharmacology 35:841 (1996); 3. JBC
284:27989 (2009); 4. Nature 481:530 (2012); 5. Nature. 351:145 (1991); 6.
Nature 425:200 (2003); 7. JMB 423:34 (2012); 8. JGP 124: 663 (2004)
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In KCNQ1 Channels, a Long QT Mutation Induces a Regulation by
Cholesterol Instead of Phosphatidylinositol-4,5-Bisphosphate
Fabien C. Coyan1, Mohamed-Yassine Amarouch1, Fayal Abderemane Ali1,
Julien Piron1, Je´rome Mordel1, Ce´line S. Nicolas1, Marja Steenman1,
Jean Me´rot1, Ce´line Marionneau1, Annick Thomas2, Robert Brasseur3,
Isabelle Baro´1, Gildas Loussouarn1.
1l’institut du thorax, Nantes, France, 2INSERM, UMR 5089 CNRS,
Toulouse, France, 3Agro-Bio Tech, University of Lie`ge, Gembloux, Belgium.
Phosphatidylinositol-4,5-bisphosphate (PIP2) is a membrane cofactor neces-
sary for the activity of KCNQ1 channels. Some Long QT mutations of
KCNQ1, including R243H, R539W and R555C have been shown to
decrease KCNQ1 interaction with PIP2. A previous study suggested that
when compared to WT channel, R539W is paradoxically less sensitive to
PIP2 screening by intracellular magnesium, despite a decreased interaction
with PIP2. In the present study, we confirm this peculiar behavior of
R539W and suggest a molecular mechanism underlying it. COS-7 cells
were transfected with WT or mutated KCNQ1 channel, and patch-clamp re-
cordings in giant-patch or whole-cell configuration were performed. Similar
to other channels with a decreased PIP2 affinity, we observed that the
R243H and R555C mutations lead to an accelerated current rundown
when available PIP2 level is decreased. As opposed to R243H and R555C
mutant channels, R539W is not more but rather less sensitive to PIP2
decrease than the WT channel. Consistent with that, the R539W channel
is also insensitive to variations in extracellular osmolarity, known to modu-
late the channel activity via available PIP2. These results suggest that
KCNQ1-R539W mutation shortcuts PIP2 in the channel open pore stabiliza-
tion. Both structural model prediction and functional analysis implicate
membrane cholesterol in this effect. This de novo interaction wanes the
sensitivity to PIP2 variations, showing that a mutated channel with a
decreased affinity to PIP2 could paradoxically present a slowed current
rundown compared to the WT channel. This suggests that caution is required
when using measurements of current rundown as an indicator to compare
WT and mutant channel PIP2 sensitivity.
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A Pair of Phenylalanine Residues on the S4 and S5 Segments Create a
Physical and Energy Barrier for the Voltage Sensor in KCNQ1/KCNE1
Channel
Koichi Nakajo1,2, Yoshihiro Kubo1,2.
1National Institute for Physiological Sciences, Okazaki, Japan, 2Graduate
University for Advanced Studies, Hayama, Japan.
KCNQ1 channel, a voltage-gated potassium channel, and its auxiliary subunit
KCNE1 form the slowly activating IKs channel, which underlies one of the
major repolarizing currents in human heart. Several groups have reported
that movement of the voltage sensor domain (VSD) is slowed by KCNE1,
however, the molecular mechanism how KCNE1 slows VSD movement is
still largely unknown. In the present study, we identified Phe232 on S4
segment is responsible for the G-V curve shift by KCNE1. We mutated
Phe232 into various amino acid residues and found that Gibbs free energy
of activation at 0 mV (DG0) of Phe232 mutants with KCNE1 showed a clear
side chain volume dependence. This result implied that Phe232 might have to
overcome a physical obstacle upon activation. We tried to identify a potential
obstacle for Phe232 and found Phe279 on S5 segment as a candidate. Phe279
mutants with KCNE1 showed a similar side-chain-volume dependent DG0
change. Disulfide bond formation upon activation between F232C and
F279C indicated that they are in close proximity during the course of activa-
tion. To confirm that Phe232 and Phe279 actually serve as obstacles during
activation, we directly tracked the VSD movement by voltage clamp fluorom-
etry by attaching Alexa 488 at G219C on the S3-S4 linker. As we expected,
F232A actually accelerated the VSD movement. Although F279A did not
significantly change the VSD movement, the upward movement of VSDimmediately led the channel to the opening. Our present results suggest that
the pair of phenylalanine residues create a physical and energy barrier for
the VSD. This may be one of the major molecular mechanisms for the slow
gating of KCNQ1/KCNE1 channels.
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Endoplasmic Reticulum Sac1 4-Phosphatase Reduces Plasma Membrane
KCNQ2/3 Currents
Eamonn J. Dickson, Jill B. Jensen, Bertil Hille.
Physiology and Biophysics, Univeristy of Washington, Seattle, WA, USA.
Sac1 is an integral membrane lipid 4-phosphatase enzyme localized to the
endoplasmic reticulum. Sac1 dephosphorylates phosphatidylinositol 4-phos-
phate (PI(4)P) and has been reported to visit both the Golgi and the plasma
membrane transiently. We wanted to determine whether Sac1 influences the
supply of plasma membrane (PM) phosphatidylinositol (4,5)-bisphosphate
(PI(4,5)P2) available to ion channels. PI(4,5)P2 is dynamically regulated by
Gq protein-coupled receptors that activate phospholipase C. We monitored
PM PI(4)P with fluorescent OSH probes, and monitored PM PI(4,5)P2 with
PHPLCd1 FRET probes and KCNQ2/3 currents. To test the influence of
Sac1 on PM PI(4,5)P2, we recruited the cortical endoplasmic reticulum to
the plasma membrane using rapamycin-induced dimerization. Inducing con-
tact between the cortical endoplasmic reticulum and the plasma membrane
reduced PM PI(4)P as measured by OSH probes (20%) and PI(4,5)P2, as
measured both by PHPLCd1 (41%) and KCNQ2/3 current (30%). Confocal ex-
periments revealed punctate depletion of PM PI(4)P and PI(4,5)P2. With mod-
erate activation of M1 muscarinic receptors (200 nM oxotremorine-M) to
stimulate phospholipase C, we found that overexpression of wildtype Sac1
augmented PI(4,5)P2 depletion, and overexpression of inactive Sac1 reduced
depletion (16% and 3% decrease in PHPLCd1 probe FRET, respectively,
compared to 8% in control). We explored the reported regulation of Sac1 by
an allosteric binding site that recognizes phosphatidyl serine and phosphatidy-
linositol. We could reduce phosphatidyl inositol with overexpression of a
phosphatidylinositol-specific phospholipase C localized to the endoplasmic re-
ticulum. This prevented Sac1-induced depletion of plasma membrane PI(4,5)
P2 in a manner similar to overexpression of inactive Sac1. Thus recruitment of
Sac1 (either overexpressed or endogenous) can reduce plasma membrane PI(4)
P and PI(4,5)P2. This change is sensed by KCNQ2/3 channels. (NIH grant
NS08174).
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KCNQ1 Expression Modulates Herg Current by Removing Inactivation
Carlos G. Vanoye1, Richard C. Welch1, Alfred L. George2.
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Experimental evidence indicates that KCNQ1 and HERG potassium chan-
nels can interact directly when co-expressed in heterologous cells. Recently
we demonstrated that transient expression of wild type human KCNQ1 into
cells stably expressing human HERG evokes current with ~3-fold larger
amplitude than the sum of individual HERG and KCNQ1 currents as well
as unique gating and pharmacological properties. To further prove that this
phenomenon is not merely the addition of separate currents, we transfected
HERG stable cells with the non-functional, but trafficking competent
KCNQ1-V254M mutant. Whole-cell currents were measured at the end of
a 2s pulse from 80 to þ50mV and at peak tail current (TC) recorded
at 50mV. KCNQ1-V254M expression did not change HERG current
amplitude (HERGþDsRed: þ50mV= 4.950.6 and TC=13.151.2 pA/pF;
HERGþKCNQ1-V254M: þ50mV= 3.950.5 and TC=11.6151.5 pA/pF)
but it depolarized the voltage dependence of activation (6.651.5 mV,
P<0.001) and induced sensitivity to the KCNQ1-specific blocker
HMR-1556 (10mM; HERGþDsRed control TC=14.452.0; þHMR-1556
TC=13.852.0 pA/pF;. HERGþKCNQ1-V254M control TC=11.351.6;
þHMR-1556 TC=5.451.1 pA/pF, P<0.05). Further, co-expression of wild
type KCNQ1 and HERG channels yields large currents with no inactivation
suggesting that KCNQ1 acts by eliminating or attenuating HERG inactiva-
tion. This mechanism was investigated by evaluating the sensitivity of
HERG-KCNQ1 channels to VU0405601, a compound that increases HERG
currents by impairing inactivation. VU0405601 (20mM) increased HERG cur-
rent amplitude (control: þ50 mV=3.350.6 and TC=11.051.6 pA/pF;
þVU0405601: þ50 mV=21.453.2 and TC=13.251.8 pA/pF) but had no ef-
fect on HERG-KCNQ1 currents (control: þ50mV=36.157.2 and
TC=12.051.5 pA/pF; þVU0405601: þ50 mV=34.157.0 and TC=12.251.6
pA/pF). Our results demonstrate that KCNQ1 functionally modulates HERG
through direct heteromultimerization and suggest that the mechanism involves
removal of HERG inactivation.
